Objectives: To analytically characterize the doses of estradiol and progesterone found in compounded combined forms of oral capsule and transdermal cream formulations, and determine the consistency of the hormone formulations within a batch.
M any postmenopausal women are treated with hormone therapy (HT) in an attempt to alleviate symptoms of menopause, primarily hot flushes, night sweats, and vaginal atrophy, and to prevent osteoporosis. 1 The postmenopausal period has been considered an endocrinedeficient state, and HT can help restore the premenopausal endocrine milieu. 2 Estrogen is the principal hormone used to treat postmenopausal symptoms. 1 A variety of estrogenic preparations are available, including the natural endogenous estrogen, 17b-estradiol. 1 To prevent endometrial hyperplasia from the effects of exogenous estrogens in women with a uterus, a progestogen is used either continuously combined or sequentially with the estrogens. 3 The progestogens available for therapeutic use are synthetic progestogens (progestins), and also natural progestogen (progesterone). 1 A high demand for HT-containing natural hormones is shown by the estimated annual prescriptions of up to 21 million products containing natural progesterone, representing the most prescribed form of HT in the United States. 4 Because there was no single US Food and Drug Administration (FDA)-approved formulation containing both estradiol and progesterone before 2018, most of these (up to 18 million prescriptions) were for non-US FDA-approved compounded HT. 4 In October, 2018, the US FDA approved the first oral softgel capsule containing 1 mg of estradiol and 100 mg of progesterone, as Bijuva (TherapeuticsMD, Boca Raton, FL).
While combining both estradiol and progesterone in a single dosage form may be considered ideal for therapeutic reasons and convenient for patients, the difference in chemical structure between the compounds and their poor aqueous solubility present challenges in producing formulations with the appropriate bioavailability. Yet, many compounding pharmacies manufacture such combination products without the quality checks required of US FDA-approved drugs. Compounding pharmacies are monitored primarily by local state pharmacy boards with the US FDA having limited oversight. Some compounded drugs, including those used for HT, have been suspected of contamination and potency issues. 5, 6 US FDA surveys conducted in 2001 and 2006, to examine the identity, strength, quality, and purity of compounding products, found that 33% of the compounded products tested failed mostly due to superpotency or subpotency (measured concentration was more than 10% from expected concentration), with potency ranging from 67.5% to 268.4%. 7, 8 This deviation from targeted drug concentrations in compounded products is in stark contrast to the typical failure rate of <2% seen in routine US FDA testing of commercially manufactured products. 6 Thus, products from compounding pharmacies are approximately 10 times more likely to deviate significantly from the stated dose.
The purpose of this study was to analytically characterize the doses of estradiol and progesterone found in compounded combined forms of oral capsules and transdermal cream formulations, and determine the consistency of the formulations within a batch.
METHODS

Sample acquisition
Prescriptions for estradiol combined with progesterone in capsules (0.5 and 100 mg, respectively) and creams (0.5 and 100 mg/g, respectively) were sent to 15 compounding pharmacies selected from 81 pharmacies located in the United States and listed on the internet. The 15 pharmacies were selected using a random number generator. Each pharmacy had to be able to supply both products to be included in the study. If a pharmacy could not fill both (capsule and cream) prescriptions for any reason, the next number on the random generator list was used until 15 pharmacies were identified.
The pharmacies sent the products via FedEx or UPS courier using overnight delivery. Upon arrival, the packages were not opened, but were inspected for damage, which was documented. Each inspected package was then placed inside another overnight shipping package and sent directly to the testing laboratory, Reproductive Endocrine Research Laboratory, Keck School of Medicine of USC (Los Angeles, CA) by courier.
At the testing laboratory, the package was inspected for damage, and photographs were taken of the outer and inner package, pharmacy package, actual product, and product label. A checklist was completed to document the chain of product custody. The capsules from each pharmacy came in a vial, and ranged from 30 to 100 capsules per vial. Cream prescriptions were sent in containers or prefilled, metered syringe. The products were kept in the original package and stored in a cool room with no sunlight exposure. Estradiol and progesterone analyses of the products were carried out within 2 weeks from the time they were received.
Measurements of estradiol and progesterone in capsules and creams
Levels of estradiol and progesterone were measured in two randomly selected capsules and two randomly selected cream samples from each pharmacy. To study the variation in hormone level preparations within a pharmacy, 10 capsules were randomly selected from three pharmacies. Homogeneity of hormone levels was also measured in creams. Using a metered syringe, aliquots were taken from the top, middle, and bottom layers of cream containers from three pharmacies. Concentrations of estradiol and progesterone were determined by radioimmunoassay (RIA).
Estradiol
Each capsule was first thoroughly dissolved in chloroform to a total volume of 20 mL in conical-bottom plastic tubes (50-mL size). Similarly, 1 g of each cream was dissolved in acetone to a total volume of 20 mL. Because 0.5 mg of estradiol was supposed to be in each capsule and each gram of cream, the estradiol concentration was expected to be 0.5 mg/20 mL ¼ 25 mg/mL (basic stock solution). Five serial dilutions (to 2,500 ng/mL, 250 ng/mL, 25 ng/mL, 1,250 pg/mL, and 250 pg/mL) were made (with ethanol for the first three dilutions and buffer for the last two dilutions) of the basic stock solution in 20-mL glass vials.
The last concentration (fifth dilution, 250 pg/mL) of the samples was then diluted serially (1:1) in assay buffer, and 0.2-mL aliquots from concentrations expected to be 62.5 pg/mL, 15.6 pg/mL, and 3.9 pg/mL were used for an in-house RIA. The RIA utilized a specific antiserum against estradiol, in conjunction with an iodinated estradiol derivative. After incubation overnight (16-18 h), the antibody-bound estradiol was separated from unbound estradiol using a second antibody. After centrifugation, the radioactivity in the pellet was counted. The estradiol concentrations of the samples were back-calculated from the estradiol standard curve (range 0.5-125 pg/mL) using a computer program. The assay sensitivity was 2 pg/mL. The interassay coefficients of variation (CVs) were 10%, 13%, and 12% at estradiol concentrations of 30 pg/mL, 88 pg/mL, and 262 pg/mL, respectively.
Progesterone
Each capsule was first thoroughly dissolved in chloroform to a total volume of 40 mL in conical-bottom plastic tubes. Similarly, 1 g of each cream was dissolved in acetone to a total volume of 40 mL. Assuming that 100 mg of progesterone was HORMONE LEVELS IN COMPOUNDED PRODUCTS contained in each capsule and 1 g of cream, the concentration would be expected to be 100 mg/40 mL ¼ 2,500 mg/mL (basic stock solution). Five serial dilutions (to 250 mg/mL, 25 mg/mL, 2,500 ng/mL, 250 ng/mL, and 25 ng/mL) were made of the basic stock solution similar to the estradiol sample preparation procedure.
The last concentration (fifth dilution, 25 ng/mL) was then diluted serially (1:1) in buffer, and 0.05-mL aliquots from concentrations expected to be 12.5 ng/mL, 3.13 ng/mL, and 0.95 ng/mL were taken for RIA, using a commercial kit (Cisbio Bioassays, Codolet, France). The assay was carried out in progesterone antibody-coated tubes in conjunction with an iodinated progesterone derivative. After a 2-hour incubation at 378C, the contents of the tubes were aspirated. The tubes were washed and then the radioactivity was counted in a gamma counter. The progesterone concentrations of the samples were back-calculated from the progesterone standard curve (range 0.12-36 ng/mL) using a computer program. Assay sensitivity was 0.12 ng/mL. The interassay CVs were 5%, 12%, and 11% at progesterone concentrations of 18.1 ng/mL, 77.0 ng/mL, and 137 ng/mL, respectively.
Statistical analysis
Estradiol and progesterone measurements were summarized within and between pharmacies by mean, standard deviation (SD), CVs, and percent difference between expected and observed concentrations. The magnitude and sources of variation for measurements of estradiol and progesterone within and across pharmacies were examined by fitting nested random-effects analysis of variance (ANOVA) models. Statistical analyses were performed using SAS/STAT V9.2 software.
RESULTS
Thirteen of the 15 pharmacies to which prescriptions were sent filled the prescriptions. Examination of each package received from the pharmacy showed no damage to the outer and inner portions of the packages, or to the pharmacy package. All products were labeled properly.
For the capsules (Table 1) , samples from 11 pharmacies had estradiol mean measurements within 10% of the label claim (ranging from 0.448 to 0.525 mg), whereas the other 2 pharmacies had mean estradiol measurements of 0.370 mg (26% below label) and 0.402 mg (20% below label). For the cream samples, estradiol levels from 12 pharmacies were within 10% of the label claim; one pharmacy had an estradiol measurement 11% below label (mean of 0.445 mg/g). Estradiol sample measurements from the same pharmacy differed by as much as 0.065 mg (13%).
Estradiol in capsules differed significantly among the pharmacies (P < 0.0001), and pharmacy accounted for 96.0% of the total variance. In contrast, estradiol measurements in the creams did not differ significantly among the pharmacies (P ¼ 0.46), and only 2.7% of the total variance was due to pharmacy.
Mean progesterone concentrations measured in the capsules ( Table 2 ) ranged from 91.4 to 105 mg (AE10% of the label claim) for 11 pharmacies; the other 2 pharmacies had mean progesterone levels of 116 mg (16% above label) and 131 mg (31% above label). For the creams, progesterone levels were within 10% of the label claim in 12 pharmacies; one pharmacy had mean levels of 112 mg/g for creams (12% above label). Progesterone sample measurements from a single pharmacy differed by as much as 13.2 mg (13%).
Progesterone in capsules also differed significantly among the pharmacies (P < 0.0001), and pharmacy accounted for 86.6% of the total variation, with 13.1% of the variation due to differences in duplicate measurements within pharmacy. However, progesterone in creams was not significantly different among pharmacies (P ¼ 0.081). Pharmacy differences accounted for 38.4% of the total variation, whereas 61.6% of the variation was due to within-pharmacy differences.
The within-pharmacy variation of estradiol and progesterone measurements was further tested in 10 capsules each from three pharmacies ( Table 3 ). The within-pharmacy CV for estradiol in 10 capsules was similar to the CV observed when measuring two samples from one pharmacy (pharmacy 1). However, the within-pharmacy CVs were higher for the other 
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2 pharmacies (pharmacies 5 and 12). Overall, estradiol levels differed significantly among the pharmacies (P ¼ 0.034), with pharmacy accounting for 22.2% of the total variation. For progesterone, all three pharmacies had higher CVs with 10 capsules than the two samples measured from each pharmacy. Progesterone levels also differed among the pharmacies, with 23.8% of the total variation due to pharmacy. When homogeneity of the creams (Table 4 ) across three pharmacies was measured by comparing hormone levels from the top, middle, and bottom layers, estradiol levels were slightly higher in samples taken from the top and middle versus bottom (mean 0.52, 0.51, and 0.487 mg/g, respectively). Progesterone levels were higher in the top and middle layers than in the bottom layer (mean 106, 109, and 103 mg/g, respectively). The sample sizes were too small for statistical testing of differences between the three locations.
DISCUSSION
Estradiol and progesterone are highly potent molecules with low aqueous solubility. These characteristics make them a challenge to formulate and to formulate consistently. Specifically, progesterone is a Biopharmaceutical Classification System Class II drug (poorly soluble-highly permeable); thus its bioavailability is associated with its solvation rate and therefore greatly impacted by how it is formulated. 9 Testing of steroid hormone products from compounding pharmacies shows that the dose of the product received may be different from the actual prescribed dose. 6 When we evaluated estradiol and progesterone doses in compounded, combined estradiol and progesterone formulations and determined the consistency of the formulations across pharmacies and within a batch, variability was observed. Our results showed that for the estradiol in capsules, greater variation was evident between pharmacy-compounded capsules (range of mean 0.370-0.525 mg) than in creams (range of mean 0.445-0.507 mg/g). However, within pharmacies, there was more consistency in the capsules (range of % CV 2.66-4.56) than in the creams (range of % CV 2.98-9.17). Similarly, the range of means for progesterone in capsules was 91.4 to 131 mg, and 94.7 to 112 mg/g in creams between pharmacies. However, the within-pharmacy consistency was similar between capsules (range of % CV 6.05-7.27) and creams (range of % CV 2.11-7.20).
In general, the safety of compounded products has been a government concern for the last two decades, including concerns over potency (too weak or too strong), purity (could 
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contain chemicals that could be harmful), and contamination (bacteria, fungus, or virus). 7, 10 Compounding drugs are not subject to the same US FDA regulations or oversight as other noncompounding products, and are not routinely tested by any regulatory agency for quality, purity, or potency. 10 Thus, some compounded products, including HT, may be associated with increased risks. 11 Because dose, duration, and ratio of estrogens to progesterone are well known to affect endometrial protection, ensuring the accuracy of the dose of the estrogen and progestogen components used for HT is critical. 10 Thus, improperly formulated HT combinations could have serious health consequences, such as endometrial cancer, in users. However, because compounded drugs are not systematically studied, limited safety reports are available. A few publications reported cases of endometrial hyperplasia and endometrial cancer with the use of custom-compounded estradiol and progesterone products prescribed to relieve menopausal symptoms. [12] [13] [14] [15] For example, one of the women diagnosed with atypical endometrial hyperplasia used a 2% compounded topical estradiol gel and a 6% compounded topical progesterone gel daily. 14, 15 A North American Menopause Society (NAMS) survey of postmenopausal women with menopausal symptoms also reported an increased risk of endometrial cancer and suggested an increase in vaginal bleeding with compounded HT compared with US FDA-approved HT. 16 While estradiol and progesterone are administered in supraphysiological doses, we believe that a relatively small reduction in dose (eg, 20%) would impact the endometrial protection in some women. For example, some women may be high metabolizers of steroid hormones, leading to decreased circulating progesterone levels, which may be insufficient for endometrial protection. Small changes in the ratio of estradiol to progesterone could also potentially have a negative impact on the endometrium with long-term exposure. In addition, because we studied only 13 pharmacies, it is possible that greater reductions in dose may have been found in compounded drugs from other pharmacies. A reduced dose in creams would be especially important in women who do not apply the cream as instructed, as the entire dose would not be applied.
This study has a few limitations, including the small number of pharmacies queried, how the pharmacies were chosen (internet only), and the small number of samples tested; therefore, our results may not accurately represent products coming from all US compounding pharmacies. Another limitation of the study is the inherent variability of the RIA method.
CONCLUSIONS
The variation in estradiol and progesterone levels observed in compounded HT formulations justify concerns regarding risks as a result of variability, that have been outlined by NAMS, 1 the American College of Obstetricians and Gynecologists, 17 and US FDA 18 in their statements regarding compounded hormone use. These data support the need to develop an US FDA-approved bioidentical HT, for women who prefer bioidentical hormones, including the up to 3 million women using unregulated, compounded HT annually in the United States. 19 
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